Although recombination is known to occur in FMDV, it is considered only a minor determinant of virus sequence diversity. This is because recombination appears to be highly suppressed at phylogenetic scales; inter-serotypic recombination events are rare; and in those a mosaic structure is present whereby recombination only occurs almost exclusively in non-structural proteins. Here we show that co-inoculation of closely related strains in buffaloes results over time in extensive within-host recombination in the genomic region coding for structural proteins. This enables us to directly estimate recombination rates for the first time. Quite surprisingly, the effective recombination rate in VP1 during the acute infection phase turns out to be about 0.1 per base per year, i.e. comparable to the mutation/substitution rate. Thanks to the features of our experimental setup, we are also able to build a high-resolution map of effective within-host recombination in the capsid-coding region. We find that the linkage disequilibrium pattern inside VP1 points to a mosaic structure with two main genetic blocks. Positive epistatic interactions between co-evolved variants appear to be present both within and between blocks. These interactions are due to intra-host selection both at the RNA and protein level. Overall our findings show that during FMDV co-infections by closely related strains, capsid-coding genes recombine within the host at a much higher rate than expected, despite the presence of strong constraints dictated by the capsid structure. Although those intra-host results are not immediately transportable to a phylogenetic setting, they force us to reconsider the relevance of recombination and epistasis, suggesting that they must play a major and so far underappreciated role in the molecular evolution of the virus at all time scales.
years in some tissues, albeit at lower levels of replication [2] . In principle, this increases 48 the chances to observe recombination events. The SAT serotypes of the virus are 49 well-adapted to this host and there is evidence that buffaloes contribute to their 50 dissemination [25] . 51 In a recent experiment on African buffaloes infected by FMDV [2] , viral sequences 52 from different animals and tissues were generated with both Sanger and 53 high-throughput sequencing technologies. An interesting feature of this experiment is 54 the subsequent discovery of a strong genetic structure among the viral sequences. It 55 turns out that both the inoculum and the animal samples contain two major viral 56 swarms with moderate sequence divergence between them. Our results show that 57 recombinants of these swarms were already present in the inoculum -probably due to 58 previous recombination in buffalo or in culture -and the amount of recombination 59 increased both after the acute phase of the infection and during the persistent phase. 60 Thus this experimental system provides an excellent setup to infer the relative and 61 absolute rates of within-host recombination. 62 In this paper, we present a detailed analysis of the genomic patterns of 63 recombination in the capsid-coding region. First, we provide a brief explanation of the 64 experimental setup and how it allows to detect within-host recombination. Then we 65 present some estimates of the absolute recombination rates during the infection process -66 which turn out to be comparable to the mutation rates -and infer the recombination 67 profile inside the capsid-coding region. Focusing on the VP1 coding region, we show 68 how the linkage disequilibrium (LD) patterns among variants suggest a mosaic structure 69 with two main blocks inside VP1. In addition, these patterns indicate the existence of 70 intra-host epistasis between variants from different swarms, with epistatic interactions 71 acting both within and between blocks. Finally, we discuss the evolutionary 72 consequences of our findings both for the intra-host quasi-species dynamics and for the 73 long-term evolution of FMDV, and explore the possible explanations behind the lack of 74 recombination on phylogenetic scales.
Interestingly, it turns out that the capsid-coding sequences of SAT1 viruses in the 85 inoculum exhibit a strong multi-swarm structure, with most nucleotide sequences 86 belonging to one of two major viral swarms (see Methods; according to the literature in 87 the field previously mentioned, we use the term "viral swarm" to indicate a cloud of 88 similar genotypes differing only by a few mutations). The VP1-coding sequences of the 89 two swarms differ by about 3%, much larger than the genetic diversity within each 90 swarm. Hence, the two swarms are clearly genetically distinct and separable. A similar 91 multi-swarm structure is found in viral VP1-coding sequences from micro-dissections of 92 several tissues from three infected buffaloes, proving that co-infection occurred in this 93 experiment. The genetic variability in these sequences is illustrated in Figure 1 Illustration of the content of the VP1-coding sequences from buffalo tissues. Sequences are sorted by animal, then by divergence from the consensus sequence of the inoculum. New mutations with respect to the consensus sequences of the two swarms are in red, while inter-swarm mutations characterising the two initial swarms are in grey and blue, respectively.
There is a direct relation between the strength of LD and the recombination rates. If 126 the sequence between two SNVs recombines at a rate r for a time t since the formation 127 of the mixture, LD decays over time as an exponential LD ∼ e −R of the cumulative 128 recombination rate R = r · t [26] . However, linkage disequilibrium could also be affected 129 by epistasis, i.e. fitness-related interactions between genetic variants. In fact, when 130 recombination disrupts favourable combinations of co-evolved variants, recombinants 131 have lower fitness and their number is suppressed by selection. More generally, if 132 different combinations of alleles at multiple loci have different fitness, the frequency of 133 favoured combinations of alleles increases and the synergy between alleles corresponding 134 to these combinations is reinforced. Hence these epistatic interactions often act in 135 opposition to recombination and cause an effective increase in LD [27] . 136 Absolute recombination rates 137 Linkage disequilibrium and recombination rates were inferred for the whole 138 capsid-coding region of the inoculum and for the VP1-coding sequence of the virus from 139 three buffaloes, two sampled at 35 days post infection (dpi) and one sampled at 400 dpi. 140 All cumulative recombination rates inferred from our sequence data are relative to the 141 time of origin of the mixture of swarms, which is not known, hence their absolute values 142 do not have any easy interpretation. However, their differences provide absolute 143 recombination rates per unit time across the acute and persistent phases of the infection. 144 We can estimate these rates only for VP1, since it is the only genomic region for which 145 multiple time-points are available.
146
Recombination rates were estimated using LD between pairs of inter-swarm SNVs, 147 i.e. variants consistent with the two main swarms of the inoculum. Two approaches 148 were used for inference of recombination rates: the "local" approach uses only 149 information from consecutive variants, while the "global" approach uses information 150 from all variants. The "local" approach is therefore more noisy, while the "global" one 151 is more precise but could be more sensitive to biases. The two methods are also affected 152 by epistatic interactions, but at different scales.
153
The average cumulative recombination rates per base, estimated using the "global" and "local" approaches, are R 0 ≈ 2.6 · 10 −3 − 3.0 · 10 −3 , R 35 ≈ 4 · 10 −3 − 7 · 10 −3 and R 400 ≈ 8.0 · 10 −3 − 11.7 · 10 −3 respectively, accumulating in time as illustrated in Figure  2 . Hence, the rate per year during the first 35 days post inoculation is r 0−35 ≈ 0.015 − 0.040/site/y, while for later times the rate is r 35−400 ≈ 0.004 − 0.005/site/y. Hence, during the first month post-infection, the average recombination rate is higher by a factor r 0−35 /r 35−400 ≈ 3.8 − 8.7. Since the acute phase of the infection lasts about a week [2] , the actual rates from the "global" Cumulative recombination rates in VP1-coding sequences from the inoculum and from animals sampled at 35 and 400 dpi. All the rates are defined from the beginning of the experiment to the sampling time of the sequences and are computed using the "local" approach. Different colours illustrate the behaviour of different non-overlapping portions of the VP1-coding sequence, with a green-blue gradient from the 5' to the 3' end. The dashed red line shows the heterozygosity per base, computed on the intra-swarm SNVs (i.e. variants unrelated to the main swarm structure). and "local" approach can be estimated as r acute ≈ 0.6 · 10 −1 − 1.9 · 10 −1 /site/y r persistent ≈ 4 · 10 −3 − 5 · 10 −3 /site/y i.e. recombination during the acute phase is 15 − 40 times faster than during the 154 persistent phase.
155
Note that these absolute recombination rates are comparable or even higher than the 156 typical mutation rates for FMDV, which are as high as 10 −2 mutations per base per Recombination profile in the capsid-coding region 161 We now look at the fine-scale structure of recombination rates. The basis for the 162 inference of recombination is the normalised linkage disequilibrium D between pairs of 163 derived swarm-specific variants. The measure D is defined in the Methods and it takes 164 values +1 or −1 in the absence of recombination, while it is close to 0 for strong 165 recombination. The D values for pairs of variants in the capsid-coding region are 166 shown in Figure S2 as estimated from high-throughput reads from the inoculum.
167
A detailed recombination profile can then be built from D using the "global" and 168 "local" approaches discussed in the previous section. This recombination map extends 169 almost to the whole sequenced region, i.e. capsid-coding plus flanking regions, and the 170 distance between swarm-specific variants (∼ 30 bases on average) determines the 171 resolution of the profile. The final profile is shown in Figure 3 .
172
We observe that recombination rates inferred by the "local" approach for the 173 capsid-coding region peak strongly around the 3' end of Lpro/5' end of VP4. They also 174 show a moderate heterogeneity both between and within protein-coding regions, with 175 peaks around the middle of the VP4-and VP3-coding sequence and in the region of 176 Effective cumulative recombination rate per base for the inoculum (in grey), inferred by the "local" approach from pairs of SNPs covered by at least 10 3 reads. The lines indicate the average local rates (black) and global rates (red) Gaussian-smoothed over a 150 bases window.
From this recombination map, it is also possible to obtain an estimate of the relative 178 recombination rates with respect to the VP1-coding sequence of the other capsid 179 protein-coding sequences (VP4, VP2, VP3 or 1A-1C) and some non-structural 180 protein-coding ones (2A-2B and small regions at the 5' end of 2C and at the 3'-end of 181 Lpro). These relative rates are summarised in the following Recombination rates in flanking regions of the capsid-coding sequence (Lpro and 2A) 184 are higher than in the capsid-coding sequence itself. Hotspots of recombination in the 185 flanking regions of the capsid-coding sequence have been previously detected in studies 186 based on phylogenetic evidence [18, 19] . These previous analyses inferred levels of 187 phylogenetic recombination that were extremely low for VP1-and capsid-coding 188 sequences and much higher for non-structural protein-coding ones. In partial contrast 189 with these studies, we observe high intra-host recombination rates in the capsid-coding 190 region, while the recombination rate in 2A is larger but still of the same order of 191 magnitude as the capsid rate, and the rates in 2B-2C and in the capsid-coding region 192 are actually similar.
193
Mosaic structure and epistasis in the VP1-coding region 194 Thanks to our experimental design, recombination profiles for the sequence coding for 195 VP1 (1D) can be reconstructed from different individuals and timepoints: the inoculum, 196 two animals sampled at 35 dpi and an animal sampled at 400 dpi. It is therefore 197 interesting to compare the different profiles. The absolute recombination rates inferred 198 from the "local" approach are shown in Figure 4 . On the top of a trend of increasing 199 recombination rates with time (already clear in Figure 2 ), we observe some 200 heterogeneity in the recombination rates along the protein-coding sequence, with several 201 peaks found in similar locations across different individuals.
202
The complete VP1-coding sequences from micro-dissections of buffalo tissues reveal 203 a richer structure created by the interplay of recombination and epistasis. In fact, these 204 sequences contain information about the linkage disequilibrium of most pairs of variants 205 within VP1, as they have been obtained by Sanger sequencing. The corresponding LD 206 maps for inter-swarm SNVs are shown in Figures 5A-D (lower triangles). The LD 207 patterns show two strongly linked blocks with |D | 0.5, roughly corresponding to the 208 first 200 and last 250 bases of the VP1-coding sequence. These blocks correspond to the 209 red-orange triangles in the lower half of Figure 5A , and their pattern is broadly 210 consistent across different individuals and times ( Figures 5B-D ). This suggests that the 211 mosaic structure observed in the non-structural part of FMDV genomes [19] is not 212 restricted to non-structural proteins, but actually extends to the capsid-coding region. 213 Recombination interacts with other forces within the host to maintain a modular 214 structure with at least two different linked genetic blocks inside the VP1 protein-coding 215 sequence. by epistatic interactions due to functional constraints, stability or immune pressure. If 219 the original combinations of variants in the swarms are fitter than the recombinants, the 220 recombination rate is effectively reduced by selection [26, 27] . The effects of 221 recombination rate and epistasis cannot be separated for pairs of consecutive variants, 222 since it corresponds to the scale of the finest resolution of LD, and the only information 223 available at this scale is a single measure of D . However, for distant pairs of variants, it 224 is possible to detect footprints of epistatic interactions from excess of LD with respect 225 to the naive value e −R local estimated from the "local" approach to recombination rates. 226 We can use the effective suppression of recombination R/R local as a signature of 227 epistatic effects. We also infer the strength of selection against recombinants based on 228 an explicit model of evolution with pairwise epistatic interactions (see Supplementary   229 Information). The strength of the epistatic selection coefficients leads to qualitatively 230 similar results as the above measure of suppression of recombination.
231
As expected, intra-protein epistatic interactions shape the LD structure of the the VP1-coding region. These interactions could contribute to its modular 235 structure [30] . Interestingly, strong signatures of epistasis are found between the two 236 blocks as well. This indicates that even if recombination tends to decouple the two 237 blocks, linkage equilibrium is prevented by epistatic interactions between the blocks, 238 which suppress replication and infectivity of recombinant sequences.
239
Given the large number of interacting variants, it is difficult to disentangle the 240 strength of each pairwise interaction from the cooperative epistatic effects of all other 241 December 11, 2018 10/26 linked variants; their cumulative effect could lead to "genotype selection", i.e. locking 242 variants into haplotypes containing only the most favourable combinations [30] . We 243 modify the local prediction of recombination rates to a nonlocal one R nonlocal that 244 accounts for the suppression due to the most strongly linked variant between each pair. 245 With this finer approach, the observed suppression of recombination R/R nonlocal 246 confirms the presence of stronger interactions within the two blocks and weaker ones 247 between blocks. We also observe that the recombination tends to be more suppressed 248 between non-synonymous variants ( Figure S4 ). In fact, the strength of epistatic 249 interactions between pairs of non-synonymous variants is significantly higher than 250 between other pairs at similar distances (p = 0.04, Figure S5 ). This proves that the 251 selection pressure acts at the protein level as well. Selection on the aminoacid sequence 252 is likely to be related to the stability of the VP1 protein structure, as apparent from the 253 exposure of interacting aminoacids (3 out of 5 are buried), the lack of aminoacids in 254 known epitopes (only 1 out of 5) and the spatial proximity of the interacting aminoacid 255 pairs in the capsid structure ( Figure 6 ).
256
Overall, these results imply that epistatic interactions are widespread inside the 257 VP1-coding region. Intra-host selection acts both at the RNA and protein level and 258 epistatic interactions exist at both levels. In our experiment, these interactions reduce 259 the rate of recombination between blocks by up to an order of magnitude, corresponding 260 to selection coefficients of order 10 −2 between pairs of variants.
261

Discussion
262
Intra-host recombination map for the capsid sequence qualitative picture for other host species and serotypes to be essentially different.
270
The inferred recombination rates are related to the amount of co-infections of the 271 same cells in the host, hence they depend intrinsically on within-host dynamics [20] .
272
This is unavoidable in all studies of viral recombination in vivo. In fact, it is better to 273 consider our results as "effective recombination rates" which already take into account 274 the effect of within-host evolution and infection dynamics. It might be possible to study 275 recombination in a more controlled setup: in vitro and in vivo co-infection experiments 276 guided by our findings represent a promising avenue to a more systematic inference of 277 recombination rates.
278
Contribution of epistasis 279
Recombination rates depend on epistasis as well. This is unavoidable even when 280 considering high-resolution maps such as ours, since we have no way to account for the 281 effect of local epistatic interactions between close mutations. However, we were able to 282 detect intra-host epistasis on the scale of the VP1 sequence and discovered that epistatic 283 interactions are widespread. This also means that "local" estimates, which are affected 284 only by local epistasis, should be more reliable than "global" estimates, which are more 285 likely to systematically underestimate the real rates due to the additional effect of 286 longer-range epistasis and the cumulative effect of cooperative interactions among 287 multiple linked variants. In fact, such underestimation appears clearly in Figure 3 . This 288 is also the reason why we presented only "local" estimates for most of our results. Consequences for the evolution of the FMDV capsid 290 The high recombination rates in structural proteins between genetically close lineages 291 represent an important finding of this work. In fact, it is natural to assume that 292 recombination between genetically closer sequences will be even higher. This has 293 potentially relevant implications for the genetic diversity in quasi-species. In fact, 294 mutation and recombination play different roles in generating genetic diversity, and their 295 balance can affect the fate of the quasi-species, as recently suggested in [31] . Mutations 296 have a direct effect on the diversity of the swarm by generating new nucleotide variants, 297 but a high mutation rate also adds a significant load to the population, as most of these 298 polymorphisms are deleterious and tend to reduce the overall fitness of the 299 quasi-species [9] . On the other hand, recombination has an indirect role, by generating 300 different combinations of existing nucleotide variants. This increases the diversity of the 301 swarm while unlinking the fate of potentially advantageous and deleterious mutations, 302 increasing the chances of compensatory combinations of mutations, and reducing the 303 probability of fixation of deleterious mutations [31, 32] . All these effects alleviate the 304 mutational load. Hence, although the actual role of recombination in RNA viruses is 305 still unclear [33] , high intra-host recombination rate could be highly beneficial for 306 FMDV quasi-species and play an important role in their pathogenicity [20] .
307
Recombination events could even generate new genetic diversity at a phylogenetic 308 level in sequences coding for capsid proteins, provided that they are not suppressed by 309 lineage competition or epistatic selection against recombinants. Further studies are 310 needed to understand which phenomena suppress capsid recombination on broad 311 epidemiological scales and which viruses with a recombinant capsid-coding sequence 312 could represent an epidemiological risk. 313 We will discuss the most interesting evolutionary consequences of high recombination 314 rates and epistasis in the capsid sequence in more details in the next sections.
315
Recombination as a leading force in generating within-host diversity 316 One of the features of RNA viruses such as FMDV is the formation of viral swarms and 317 quasi-species. This is a consequence of the high mutation rate and the dependence of 318 pathogenicity on the genetic diversity of the quasi-species [10] . The actual amount of 319 genetic diversity within the swarm depends on the length of the infection, on the 320 transmission bottlenecks and on the equilibrium between mutation, recombination and 321 the selective pressures on the quasi-species. Genetic diversity in quasi-species has 322 functional roles that are not fully understood: among others, it increases pathogenicity 323 and adaptation to specific tissues [9, 10] . 324 The rates of intra-host recombination observed in this experiment suggest that 325 recombination could be a leading force in generating genetic diversity in the swarms. In 326 fact, a simple calculation using the substitution rates known from the literature shows 327 that in an infected buffalo only about half of the FMDV sequences at the end of the 328 acute infection phase would differ from the inoculum, most of them by a single 329 nucleotide mutation; on the other hand, according to the rates observed here, most 330 sequences would be recombinants of 4-5 viruses in the swarm. Most of these 331 recombination events would be between almost identical viruses and do not lead to new 332 haplotypes, but a sizeable fraction of events would create new haplotype combinations 333 separated from the inoculum by multiple mutations, therefore enhancing the breadth of 334 the swarm in genotype space while alleviating the mutational load by disentangling the 335 fate of beneficial and deleterious mutations [31] . This effect is illustrated in Fig 7A. 
336
The multi-swarm structure of our experiment offers some indirect evidence to back 337 these observations. We perform a further analysis on the viral sequences from buffalo 338 tissues, ignoring the intermediate-frequency SNVs that distinguish the two swarms, and 339 focus on the low-frequency SNVs within each swarm. The corresponding genetic 340 diversity is a good representation of the potential intra-host diversity of a single 341 quasi-species. For each buffalo, in the absence of recombination and assuming that 342 multiple mutations play a minor role, the haplotypic diversity of the sample (defined as 343 the number of haplotypes [34] ) should be equal to the number of these SNVs plus one, 344 but it turns out to be systematically higher. In fact, for the swarms infecting the two 345 individuals culled at 35 dpi, recombination could account for about 31% and 28% of the 346 haplotypic diversity in VP1, respectively. In the animal culled after one year of 347 persistent infection, the haplotypic diversity in VP1 is close to saturation (i.e. almost all 348 sequences are different haplotypes) and 75% of it could be attributed to recombination. 349 This rise in the role of recombination in time is consistent with the observed increase in 350 recombination between swarms and supports the persistent replication of the virus even 351 in the carrier state.
352
Reduction in the fitness of recombinants during co-infections 353 The dynamics of recombination is different when an animal is co-infected by multiple 354 strains, as in our experiment. As discussed before, combinations of alleles belonging to 355 the same strain often have higher fitness even within host, since these combinations have 356 already co-evolved through a range of selective pressures for infectivity and stability and 357 are already adapted. This is a case of positive epistasis between these variants.
358
Recombination causes the disruption of these beneficial coevolved genetic 359 interactions [35, 36] . Hence, the within-host selective pressures due to epistatic 360 interactions tend to reduce the number of recombinants and therefore the effective rate 361 of recombination [27] . This effect is visible even in our data. From Figure 5 , the number 362 of recombinants with two VP1 blocks of different origin is suppressed by an order of 363 magnitude with respect to the naive expectation based on the inferred rates. From a 364 back-of-the-envelope computation, the suppression factor can be estimated as e −s·t 365 where s is the fitness disadvantage of recombinants within the host and t is the number 366 of viral generations since the beginning of the infection. Since a replication cycle of 367 FMDV is completed in about 4 hours [37] , we estimate that intra-host epistatic 368 interactions in VP1 are quite strong, with selection coefficients up to s ≈ 0.1 per 369 generation.
370
Given the further selective constraints on infectivity and transmissibility, 371 recombination between different strains could easily generate recombinants with 372 suboptimal combinations of variants not only for within-host growth, but for 373 between-host transmission as well; that would then significantly reduce the probability 374 of observing these recombinants in other hosts. This effect increases with the amount 375 and strength of epistatic interactions, but it occurs even for weak epistasis among many 376 variants [30] .
377
The interplay of recombination and epistasis results in the exchange of 378 short sequences 379 At high recombination rates, there would be a number of recombinants that are almost 380 identical to one of the original strains but for short sequence stretches coming from the 381 other strain. The role of recombination is to mediate these exchanges of short fragments 382 that tend to have a limited impact on fitness and could even form new beneficial allelic 383 combinations. Sequences derived from such exchanges may be transmitted and infect 384 other animals, hence playing a role in the generation of capsid genetic diversity at 385 epidemiological scales. This phenomenon is illustrated in Fig 7B. These exchanges of 386 short recombinant fragments would be almost undetectable from phylogenetic analyses 387 since they would likely be attributed to convergent point mutations, but would actually 388 be originating from co-infection and recombination. variability, while at the consensus level, their sequences correspond to recombinants of 393 the two initial swarms (Cortey et al, companion paper). In these samples, we actually 394 observe such exchanges of short fragments, most of them being about a few tens of 395 bases long. In fact, these recombinant sequences show a clear asymmetry in the amount 396 of bases derived from each swarm: the average contribution of the major swarm of the 397 inoculum is less than 20% and it is scattered in small fragments with a median 398 estimated length of 27 bases, much smaller than the median length of ∼ 130 expected 399 for randomly located recombination breakpoints (p < 10 −8 by Mann-Whitney U-test). 400 Each of these fragments contains on average 1-2 swarm-specific variants.
401
This recombination-mediated exchange of short fragments is a potentially relevant 402 December 11, 2018 14/26 mechanism for genetic exchange between capsid sequences of different FMDV strains. sometimes results in sequences of high fitness containing large recombinant fragments, 410 which can be transmitted and are able infect other animals, hence playing a role in the 411 long-term evolution of the virus.
412
These recombination events can also be inferred at phylogenetic scales, i.e. from 413 FMDV sequences collected from different animals and locations. In fact, in the presence 414 of recombination different regions of the genome might have different genealogical trees. 415 If the recombinant fragments are large enough, this signal can be detected in 416 phylogenetic analyses. Such analyses were performed in the past to infer FMDV 417 recombination breakpoints from phylogenetic incompatibilities [18, 19] .
418
There is a clear mismatch between the within-host recombination rates observed in 419 our experiment and the much lower recombination rates inferred from phylogenetic 420 analyses. As an example, the number of recombination events in the capsid region 421 inferred in [18] for the whole FMDV phylogeny is similar to the number of intra-host 422 events that we observe after one year of persistent infection in a single individual! In 423 addition, while our findings imply that structural proteins recombine less than 424 non-structural ones located in flanking regions in the genome, this difference in 425 recombination rates appears to be much less extreme than the one observed on a 426 phylogenetic scale. Genome-wide differences in the patterns of within-host versus 427 phylogenetic recombination have been studied in a companion paper [38] , yielding 428 qualitatively similar results.
429
However, there is another key difference between this study and previous studies.
430
Previous phylogenetic investigations focused on recombination between highly divergent 431 sequences: in [19] only inter-serotype recombination events were considered, while 432 in [18] , parent sequences belonged to different serotypes in about 70% of the detected 433 events. In contrast, the two main swarms studied here are very similar and belong to 434 the same topotype. This suggests that divergence-dependent effects that suppress 435 recombination on broad scales could be responsible for the mismatch. 436 Artefacts like biased detection in phylogenetic analyses could partially explain this 437 result. Inference of recombination by phylogenetic methods depends on the resolution of 438 the tree and the similarity of recombining sequences. Inferring recombination between 439 similar sequences is very difficult, since the trees generated by these events are very 440 similar to each other [39] and there are not enough mutations to resolve the 441 recombining branches. In particular, recombination between very close sequences in the 442 phylogenetic tree is hardly detectable. This affects structural and non-structural 443 proteins in a similar way, since it depends only on the local molecular clock. Hence, this 444 cannot be the only reason for the mismatch. One of these factors is cross-immunity. The effective rate of recombination is 452 proportional to the rate of co-infections, since co-infection of the same animal/cell by 453 two different strains is a necessary condition for recombination to occur via template 454 switching [20] . The probability of co-infections depends on the ability of the second 455 strain to escape the immune response induced by the first strain, i.e. on the 456 cross-immunity between strains. Cross-immunity depends mostly on capsid proteins [40] 457 (since they are exposed to the immune system) and it tends to decrease with increasing 458 divergence between the capsid sequences of the two strains, hence suppressing 459 recombination between closely related strains only.
460
Another related factor is the co-circulation of lineages. Geographical separation of 461 lineages could reduce the probability of co-infection and recombination, since the spatial 462 co-existence of different FMDV lineages in the same area is a prerequisite for non-trivial 463 recombination [20] . However, spatial patterns of FMDV are complex and depend on the 464 endemic/epidemic system considered, so the importance and the actual role of this 465 effect is difficult to estimate.
466
Finally, selection for infectivity and transmissibility would enhance the role of 467 epistatic genetic interactions between variants of well-adapted strains. Such interactions 468 have been recently detected in phylogenetic studies of influenza A [41, 42] . While 469 epistatic interactions in infectivity and between-host transmissibility could be present 470 among all FMDV protein-coding regions, it is reasonable to expect stronger selection in 471 the capsid, due to the amount of structural interactions between capsid proteins and the 472 interplay between opposite selective pressures from stability and from the immune 473 system of the host.
474
The pattern of suppression of recombination due to these constraints is illustrated in 475 Fig 7C using Recombination, epistasis and speciation in FMDV 481 Interestingly enough, it was suggested in [41] that the suppression of recombination due 482 to epistatic interactions could act as a mechanism for viral speciation, playing a similar 483 role as hybrid incompatibilities in the classical Dobzhansky-Muller model of 484 speciation [43, 44] . Sympatric speciation is known to occur in viruses [45, 46] and could 485 be caused precisely by the dependence of epistasis and suppression on the amount of 486 divergence between sequences. In the context of FMDV and other picornaviruses, 487 speciation appears to be inhibited by capsid-swapping [18] and frequent recombination 488 events in the genomic regions coding for non-structural proteins. However, epistatic 489 interactions could lead to a genetic separation between incompatible capsid sequences, 490 being therefore the causal factor in the emergence of different serotypes.
491
Conclusions 492
In this paper we present the first inference of within-host recombination rates for 493 structural proteins of FMDV. This study is possible thanks to a co-infection of two SAT1 494 viruses, creating two co-occurrent swarms with a small sequence divergence of about 3% 495 inside the buffalo hosts. The recombination rates during the acute and persistent phases 496 of the infection are about r acute ∼ 0.2/site/y and r persistent ∼ 0.005/site/y. This shows 497 that intra-host recombination rates are high and even comparable to the mutation rate. 498 It also suggests that the virus keeps replicating in tonsils and other tissues during the under mutation and recombination. Intra-host recombination cannot generate new mutations in the swarm, but it generates new haplotypes from existing mutations and it disentangles the evolutionary fate of different mutations, reducing the effect of deleterious mutations and the mutational load. B: During co-infections by divergent strains, recombination may cause the exchange of short sequence fragments between strains. If the resulting viral strains are similar to the original ones, they may be transmitted despite the selective pressures against recombinants, as illustrated. C: Plot of the predicted reduction in combination in structural proteins at phylogenetic scales, due to cross-immunity and epistatic interactions, shown as a function of the genetic divergence (i.e. Hamming distance per base) between recombining sequences. Cross-immunity is modelled as an exponentially decreasing function of the divergence d between strains, following an approach used for influenza [47] . Assuming that cross-immunity acts between lineages with divergence less than d ci , the reduction in recombination corresponds to the reduction in co-infection 1 − e −d/dci . Epistasis is modelled after [43] as a decrease in viral growth rate proportional to the number of pairwise interactions disrupted by recombination, leading to a recombination suppression factor e −s 2 e d 2 where d is the genetic divergence and the epistatic coefficient s e is related to the strength and number of epistatic interactions. Assuming that the strength of epistasis among different capsid protein-coding sequences is is comparable to the one observed within host between the two blocks of VP1, an approximate estimate for this coefficient could be around s e ∼ 50. carrier phase, although at a rate 40 times slower than in the acute phase of the infection. 500 We provide high-resolution maps of recombination at the scale of the capsid-coding and 501 flanking regions, showing that recombination is a pervasive phenomenon in the FMDV 502 genome. We also discover a modular structure in the VP1-coding region, formed by two 503 strongly linked genomic blocks. Linkage within and between blocks is maintained by 504 widespread epistatic interactions between beneficial combinations of co-evolved variants 505 as well. These selective pressures act both at the protein and the RNA level. The 506 strength of these epistatic selection coefficients is of order 10 −2 .
507
Our results suggest that recombination and epistasis play an important and 508 unappreciated role in the evolution of FMDV. Within-host recombination is likely to 509 give a strong contribution to the creation of intra-host diversity in FMDV 510 swarms/quasi-species, reducing the mutational load. During co-infections, it could also 511 transfer genetic diversity from one strain to the other via recombination-mediated 512 exchange of short RNA fragments, hence contributing to the between-host evolution of 513 FMDV sequences and the genetic diversity of the virus at broader scales. However, 514 pervasive epistatic interactions between co-evolved variants would prevent the spread of 515 viruses with recombinant capsid sequences. These interactions might be the key factor 516 for "speciation" of FMDV serotypes at the capsid level. Details on the experimental setup can be found in [2] . The samples included 520 micro-dissected tissues (pharyngeal tonsil, palatine tonsils and dorsal soft palate) from 521 three buffaloes obtained at 35 or 400 days post-infection with FMDV, which were 522 sequenced by Sanger technology. RNA was extracted from LMD material using RNeasy 523 Micro kit (Qiagen), followed by cDNA synthesis using TaqMan RT reagents (Agilent) 524 and random hexamers, then the VP1 region of SAT1 was amplified using Platinum Taq 525 Hi-Fidelity (Invitrogen) and the following primer pair: 526 5'-AGTGCTGGACCCGACTTCGA-3' and 5'-TGTAGCGATCCTTGCCACCGT-3' 527 and the VP1 fragment was cloned into a TOPO®TA vector (Life Technologies). After 528 colony picking and plasmid purification, the fragments were Sanger sequenced using 529 BigDye terminator v3.1 (Applied Biosystems) and M13 primers. More details on these 530 sequences will be provided in a separate publication (Cortey et al, companion paper).
531
The inoculum used for the experiment, as well as six further samples obtained from 532 tonsil swabs and probangs of four animals culled between 200 and 400 days post 533 inoculation, were sequenced at high throughput. RNA was extracted using RNeasy mini 534 Kit (Qiagen), followed by cDNA synthesis using SuperScript TM III First-Strand Multi-swarm structure 551 SNV variants in the inoculum were called by a in-house pipeline using an approximation 552 of the Bayesian calling algorithm in Snape-pooled [51] suitable for high coverage. We 553 considered biallelic variants only and selected the SNVs with p-value < 0.05. The 554 sequence of SAT1/KNP/196/91 was used to infer the ancestral allele for each SNV. The 555 derived frequency distribution in the inoculum is clearly bimodal with a gap between 556 0.15 and 0.20 ( Figure 8A ). That makes it easy to separate all SNVs in two classes: 557 common nucleotide variants (0.20 < f < 0.55) and the low-frequency variants 558 (f < 0.15). The first class contains the variants that differentiate between the swarms, 559 while the second is the internal variability of the two swarms. We estimated the linkage disequilibrium (LD) by the normalised measure D among 561 all pairs of common variants covered by at least 10 4 reads. This measure is defined as 562
for two SNVs with ancestral alleles A 1 and 564 A 2 , while D max and D min are its maximum and minimum possible value given the 565 frequencies of the variants at the two SNVs [26] . 566 The local haplotype structure of the multi-swarm, with two haplotypes containing 567 ancestral and derived SNV alleles, is clearly illustrated by the concentration of allele 568 frequencies around a value of 0.4 ( Figure 8B ) and by the high LD between consecutive 569 common variants. In fact, almost all values of |D | are between 0.75 and 1 ( Figure 8B ). 570 Note that a few mutations have D ≈ −1, suggesting an erroneous inference of their 571 ancestral state. 572 We also extracted all nucleotide variants among Sanger sequences and filtered out The main evidence of recombination in the capsid region comes from the LD data from 580 the inoculum in Figure S2 . There are clearly many pairs of mutations with low linkage 581 disequilibrium (−1 D 1), which is a characteristic signature of recombination.
582
Low values of LD can be due to recombination or other spurious factors: (i) sequencing 583 errors; (ii) chimeric reads or similar artefacts of preparation and sequencing protocols; 584 (iii) multiple mutations/backmutations in mutation hotspots. However, none of these 585 factors except recombination can explain the patterns in our data:
586
• Sequencing errors cannot explain the fact that most putative recombinants 587 contain precisely the same alleles as the two major quasi-species, unless the error 588 rates at each SNV location are extremely skewed towards the same pair of alleles 589 already present. Such an extreme bias seems highly unlikely. Even assuming a 590 moderate bias in error rates, if LD would be caused by sequencing errors, they 591 would be expected to contribute a number of other variants with frequencies 592 similar to the minimum frequency among the four possible pairs of alleles. Instead, 593 Figure 9A shows that the actual contribution of sequencing errors is negligible 594 compared to the predicted one needed to explain our data. A similar argument 595 suggests that mutation hotspots represent an unlikely explanation for the data 596 unless all mutations in these hotspots show a very strong bias towards the two 597 alleles observed at these sites (i.e. most mutations at both sides are 598 back-and-forth mutations between the two alleles).
599
• Mutation hotspots and sequencing errors cannot explain a pattern of decay of LD 600 with distance along the genome, since they would occur at each site independently, 601 no matter the location. But a clear decay of LD with distance is precisely what is 602 observed in the data (see Figure 9B for the inoculum, and Figure 5 for sequences 603 from buffalo tissues), ruling out these explanations. More quantitatively, 
611
• The decay of LD is found both in Sanger-and high-throughput-sequenced samples. 612 It is extremely unlikely that these different protocols would generate chimeric 613 reads with similar profiles. Furthermore, chimeric reads and sequencing errors 614 could not cause the decrease in LD (i.e. the increase in cumulative recombination) 615 over time in Figure 2 , since they do not depend on time points but on protocols 616 only.
617
• Finally, for the buffalo culled at 400 dpi, we are able to compare samples from0.00 0.05 0. 
(D)
Predicted D' among next−next−to−nearest mutations D' among next−next−to−nearest mutations 
Linkage disequilibrium and recombination rates 627
The high levels of positive LD between all the SNVs of the swarms supports a recent 628 origin for the mixture of swarms. Based on this, we can infer the cumulative rate of 629 recombination since the origin of the swarms using the classical equations for the decay 630 of LD with time: D = D 0 e −r·t , where r is the recombination rate per generation and t 631 is the time in number of viral generations [26] . The cumulative recombination rate 632 R = r · t for the genomic region between two variants can then be inferred as 633 R = − ln(D ).
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We apply two different statistical approaches to infer the recombination rate for each 634 variant-free interval. The first ("local" approach) is based on the above estimate (1) for 635 consecutive variants only. The second ("global" approach) is the weighted least 
where i, j denote intervals between consecutive variants and I intervals between any 638 pair of variants. We use the approximate form for the variance: Var(R) = (D ) −2 /c +R, 639 where c is the number of reads covering both variants in the pair; the first term comes 640 from the delta method applied to the variance of binomial sampling of c sequences 641 (assuming low recombination and similar frequencies for all SNVs), the second from the 642 Poisson noise of the random recombination events. To get comparable results between 643 Sanger and short-reads data, only intervals of length less than 200 bases are used for the 644 "global' estimate for analyses involving both approaches.
645
Data from Sanger sequencing of viruses from micro-dissections reveals only weak 646 differentiation between tissues from the same animal. The average estimate ofR across 647 tissues and the joint estimate from all tissues differ by less than 10%, hence we neglect 648 differences across tissues and compute D from the pooled set of all sequences from a 649 given animal.
650
Epistasis 651
The cumulative recombination rate between the ith and jth variant is inferred according 652 to equation (1) . The local prediction for the rate is the sum of all rates for the sequence 653 between the ith and jth variant R local,ij = j−1 k=i R k,k+1 . We also implement a 
where s = s · t and t is the time in generation since the beginning of the experiment, R 659 is the estimateR of the cumulative recombination rate between the mutations and 660 R predicted is either the corresponding R local or R nonlocal (see Supplementary Information 661 for details). 
